Introduction: Diesel engines are extensively used in passenger cars as well as in long distance haulage sector vehicles to impart motive force. These are internal combustion (IC) engines in which fuel is burnt through compression ignition (CI) process. Differing from gasoline engine, the fuel is sprayed directly into the combustion chambers (cylinders) just when the air that has been sucked from the intake manifold into the cylinder is compressed to such an extent that it is hot enough to ignite the fuel instantaneously. The energy hence released from the burning of fuel forces the piston down and this motion is converted to forward motion of vehicles through an integrated and well-designed power train. The speed and power of the diesel engines are regulated by the amount of fuel injected [1] .
Continuous improvement in internal combustion engine technology is necessary to meet the stringent performance and emission requirements. Development of modern diesel engines (Turbocharged diesel engine) is playing a vital role in enhancing the performance envelope of the diesel engines. In naturally aspirated diesel engine about 30% of the heat energy obtained through diesel combustion is wasted in the exhaust gases. Through turbocharged engines a part of this energy is recovered and used for compressing the incoming gases. Turbochargers are extensively used in diesel engines for the recovery of heat lost in the exhaust gases and boosting the power output of the engine with the same displacement volume of the engine by providing intake air with increased density and hence increased mass. Turbocharger is a device consisting of a turbine and a compressor attached to a single shaft. The exhausted gases are expanded in the turbine blades and part of the wasted energy is converted into useful work by the compressor.
The compressor outlet is connected to the inlet manifold through an intercooler to increase the air density flowing into the intake manifold. In this way the volumetric efficiency of the diesel engine is enhanced by the use of turbocharger. So, turbocharging is a boosting system enabling the engine to breathe more air resulting in more power output for a given size of the engine.
Turbocharging of diesel engine is the most extensively used technology for the improvement of power density, emissions and enabling downsizing of engines without compromising power. One of the major challenges in turbocharged engines is achieving good transient performance and this is still being actively pursued. As discussed by N.J. Choi and S.M.Oh (2010) , due to the inertia of the turbocharger rotor and compressibility of the exhaust gas with engine, sudden changes in rack position do not result in instantaneous response of the turbocharger. As a result the air-fuel ratio quickly changes to undesired value, deteriorating combustion and leading to slower engine response and increased emissions. This condition is known as turbo-lag which needs to be minimized for efficient operation of turbo-charged diesel engines. improvement was achieved with a 2 kW motor assist. Furthermore the fuel efficiency improved by 8% with a 1 kW motor assist while 12% improvement in fuel efficiency is observed by 2 kW motor assist [6] . Similar investigation performed by D. Cieslar (2013) on time to achieve torque rise shows better performance by the 2 kW motor in comparison to 1 kW motor. However the 3 kW motor gives very little additional benefit. These studies suggest that the assistance provided by the 2 kW motor as the optimum and indicate that it is equivalent to 0.16 Nm of additional torque [4, 6] . O.Giikes and R.Mishra (2006) compared the active method of injecting air into the inlet manifold and passive method of reducing the inertial of the compressor wheel and the results show that both the methods reduce turbo lag, however active system produces superior results. Further the effect of change in inertia of compressor wheel on engine performance is investigated using different inertia values determined as a percentage change from the original compressor modeled with inertia as 6e-5 kgm 2 This paper expands upon the previous works by using a more realistic simulation through a simulation software (Lotus Engine Simulation) to further investigate the effect of reducing the inertia of turbocharged system to improve the turbo-lag as well as effect of sudden fuelling through more detailed and rigorous analyses. Furthermore novel quality indicators have been identified through which performance improvement in turbo lag can be measured.
Methodology:
The engine model is developed using Lotus Engine Simulation software which can predict the complete performance of an engine system. The description of engine model is shown in Table1 which is representative of an engine used in mid-range passenger car. [10] . Simulation of the energy release rate and the heat transfer processes enables the prediction of the in-cylinder pressure during combustion and hence a complete cycle simulation can be performed [9] . As the turbocharger is used to deliver more power out of a smaller engine, a relatively smaller engine is chosen to be modelled. A 4 cylinder, 4 stroke, compression ignition engine is modelled in this study. The engine specifications are shown in Table 1 . The specifications match with the specifications of the engine used in a mid-range car as mentioned earlier.
A fully connected turbocharged engine model is shown in Figure 1 . The manifolds have been modelled using plenum, pipes, valves and ports (blue at intake and orange at exhaust). The components are available in the tool kit menu and they are dragged from the menu to construct the model as per the requirement. Cylinders are selected from the tool kit tab and their specifications are provided as shown in Table 1 A control system for providing the additional power to the turbocharger is constructed using sensors and actuators. The sensors in LES monitor the compressor power and turbine power.
To simulate electric turbocharger assist system, an actuator is used which adds an additional torque to the turbocharger shaft. The angular velocity of the shaft is calculated using Newton's second law for rotational Systems [11] . Figure 4 shows that the torque rises rapidly to a maximum of around 178Nm at 3000rpm and then gradually decreases with the increase in engine speed. The brake mean effective pressure increases up to 11 bar at 3000 rpm then gradually decreases with engine speed as shown in figure 5 . At lower speeds i.e. below 3000 rpm BMEP drops off due to heat losses.
While at higher speeds (above 3000 rpm) BMEP decreases because it becomes difficult to ingest a full charge of air. Figure 6 shows that the lowest value of specific fuel consumption is at around 2000 rpm. At lower engine speeds the fuel consumption increases due to increased time for heat losses from the gas to cylinder and piston wall. As the speed increases the fuel consumption also increases and the combustion efficiency decreases. The maximum power produced by the engine is about 64kW at around 4000rpm. Figure 7 shows the variation of Brake power with respect to engine speed. Initially it increases and then after 4000 rpm it starts decreasing. increasing torque assistance, the response is improved and 0.10 NM torque assist offers more benefits than 0.08NM assist but further increase in torque to a value of 0.16 NM gives almost similar but more stable response. Further increase in torque to a value of 0.32NM also gives almost same response. So the optimum value of torque assist is observed to be 0.16 NM. This is consistent with the value reported in the literature [6] .
Based on the above investigations 0.16 NM torque is provided as an additional torque to the turbocharge shaft in the Lotus engine simulation environment for further evaluation. The
Simulation is performed with and without electric torque assistance. The effect of torque assistance is noticeable in Figure 9 . Initially the compressor outlet pressure shows an initial delay in response before reaching the steady state. As shown in figure 9 that the compressor pressure reaches the steady state condition in 4.8 seconds with no torque assistance. The compressor outlet pressure response is significantly improved with torque assistance and the compressor pressure reaches the steady state in 1.8 second. The rate of change of compressor exit pressure response is plotted in Figure 10 . It shows much greater and faster rate of change for torque assist system as compared to without torque assist systems. The response time is reduced by 3 seconds with torque assist. Figure 11 shows the effect of torque assistance on compressor speed response. When compared with no assist systems, it is clear that with torque assist the response time is improved by 3 seconds. This difference is more significant when rate of change of compressor speed response is plotted as illustrated in Figure 12 . In case of torque assistance, greater and quicker response is observed and the difference in time to reach the equilibrium is found to be 3 seconds. predicted by the previous studies [7] by reducing the inertia of the system, the delay in the response of the turbocharger is reduced. However the reduction of delay is seen to be very small. 
Conclusion:
The research presented here has been focused on determining the turbo lag from the analysis of quality indicators. Under the transient event of rapid change in fueling rate the transient performance of a turbocharged diesel engine is investigated by applying the active method of torque assistance and the passive method of reduction of inertia of compressor wheel. The turbo lag is significantly reduced using 0.16 NM torque assistance. This improves the overall performance of the engine. The reduction in the inertia of the turbocharged system also improves the transient response. However the improvement brought by the reduction in inertia is found to be very small.
